A sizable contribution to heavy quark production in high-energy hadronic and nuclear collisions comes from heavy quark-antiquark pair production from gluon splitting during the parton shower evolution. We investigate the effect of gluon-medium interaction on open heavy flavor spectra in ultra-relativistic heavy-ion collisions. The interaction of hard gluons and heavy quarks with the hot QCD medium is simulated by utilizing a Langevin transport model that simultaneously incorporates contributions from collisional and radiative processes. It is found that while the gluon splitting channel has quite an important contribution to the single D meson production cross section, its influence on the final heavy meson nuclear modification turns out to be quite modest because the average lifetime of hard gluons is short before splitting into heavy quark-antiquark pairs during the evolution and propagation of the parton shower.
Introduction -Heavy quarks are regarded as one of the valuable tools to probe the strongly interacting quark-gluon plasma (sQGP) produced in ultrarelativistic heavy-ion collisions. Among the many interesting measurements of heavy flavors at the Relativistic Heavy-Ion Collider (RHIC) and the Large Hadron Collider (LHC) are observations of the strong nuclear modification and the large azimuthal anisotropy for heavy flavor hadrons and their decay electrons, which are comparable to those of light hadrons [1] [2] [3] [4] [5] [6] . These results provide a big challenge to our naive expectation about the mass hierarchy of parton energy loss, i.e., heavy quarks tend to lose less energy than light flavor partons in dense nuclear matter due to the supression of the phase space for collinear gluon radiation by their large masses. There have been various transport models established to investigate the evolution dynamics of heavy quarks inside the hot and dense QGP, such as parton cascade models [7] [8] [9] [10] based on the Boltzmann transport approach , the linear Boltzmann approach coupled to a hydrodynamic background [11, 12] , the Langevin-based approaches [13] [14] [15] [16] [17] [18] [19] [20] and the parton-hadron-string-dynamics transport approach [21] . For a recent review of heavy flavor production in relativistic nuclear collisions, readers are referred to Ref. [22] .
In most current descriptions of heavy quark dynamics in a dense nuclear medium, one common practice is to assume that the majority of heavy quarks are produced in the primordial stage of heavy-ion collisions and they probe the entire evolution history of the QGP fireball. This may be well justified at the leading order where heavy quarks are produced in hard scattering processes via the pair production by the light parton fusion (gg → cc,→ cc) and the flavor excitation (gc → gc, qc → qc). As one goes beyond the leading-order approximation, the contribution to heavy quark production from the splitting of hard virtual gluons (g → cc) has to be considered. It has been pointed out in Refs. [23] [24] [25] [26] [27] that the contribution from the gluon splitting process to heavy quark production is equally important as compared to contributions from the pair production and flavor excitation channels. Therefore, in ultra-relativistic heavy-ion collisions, one needs to consider the medium effect on these hard virtual gluons before they split into heavy quark-antiquark pairs. We note that in Ref. [26, 27] , it is argued that the inclusion of gluon splitting is very important to describe the observed suppression for b-tagged jets in heavy-ion collisions.
In this work, we re-investigate the contribution from the gluon splitting process to heavy flavor production in relativistic heavy-ion collisions. In particular, the influence of a gluon's energy loss before its splitting into a heavy quark-antiquark pair on the nuclear modification of the final open heavy meson spectra is studied in details. We note that one of the key factors here is the lifetime of hard gluons before they split into heavy quark-antiquark pairs. If the gluon's lifetime is shorter than the formation time of the QGP, then the gluon splitting process is just a modification of the initial heavy quark spectra in addition to the conventional pair production and the flavor excitation channels. However, if the gluon lifetime is sufficiently large, one has to include the interaction of hard gluons with the hot and dense QGP before they split into heavy quark-antiquark pairs. In this case, since gluons tend to lose more energy than heavy quarks, the inclusion of the gluon splitting channel and gluon energy loss before the splitting might result in stronger nuclear modification for the final heavy flavor mesons.
For our purpose, here we use Pythia 6 [28] to simulate the gluon splitting process in vacuum and extract the splitting probability of hard gluons, the gluon lifetime, and the gluon to heavy quark-antiquark pair splitting function. The medium effect on the gluon splitting process is simulated via our Langevin transport model as developed in the earlier works where the effect of both collisional and radiative processes are incorporated simultaneously [18, 19] . We show that due to the short lifetime of hard gluons, the energy loss experienced by hard gluons before splitting into heavy quark-antiquark pairs is not large enough to significantly affect the nuclear mod- ification of the transverse momentum spectra of single heavy flavor mesons.
Results -We first show in Fig. 1 the probability for hard gluons to split into cc pairs as a function of gluon energy. This probability is obtained from a Pythia simulation by setting the maximum allowed mass for each parton (Q max ) in the parton shower (pyshow) as the initial gluon energy. As seen in Fig. 1 , the gluon splitting probability increases with gluon energy. For gluons with 400 GeV energy, the probability to split into heavy quark-antiquark pairs can exceed 10%.
Using the above splitting probability, together with the splitting function P g→cc (x, k 2 ⊥ ), where x is the factional of energy and k ⊥ is the transverse momentum of the heavy quark with respect to the initial hard gluon, one may obtain the spectrum of the produced charm quarks from the initial gluon spectra. We use the same Pythia simulation to extract the gluon splitting function P g→cc (x, k 2 ⊥ ). In Fig. 2 , we show the spectrum of charm quarks from the gluon splitting process (g → cc) and compare it with that from the direct production channels, i.e., pair production and flavor excitation. In our work, the direct charm and direct gluon spectra are obtained with leading-order perturbative QCD calculation in which the CTEQ parametrization of parton distribution functions [29] is adopted and the EPS09 parametrizations [30] are utilized for the nuclear shadowing effect in nucleus-nucleus collisions. We see an important contribution of the gluon-splitting channel to charm quark production in Fig. 2 , similar to the finding in Refs. [23] [24] [25] [26] .
To investigate the medium effect on heavy quarks produced from the gluon splitting channel, one has to consider the interaction of gluons with the dense nuclear medium before splitting into heavy quark-antiquark pairs. One of the key quantities that determines the amount of medium effect on hard gluons is the gluon lifetime τ split = 2E/Q 2 , which is related to its virtuality Q 2 and energy E. We utilize a similar method employed by Ref. [31] and keep track of the full parton shower chain initialized by a hard gluon to obtain the gluon lifetime in our Pythia simulations. Here we identify the gluon lifetime as the accumulated time before the splitting to a heavy quark-antiquark pair from an initial hard gluon, which is obtained by summing up the splitting times for all subprocesses in the shower chain. In Fig. 3 , we show the average splitting time of a hard gluon as a function of the gluon's initial energy. Contributions from the final splitting process g → cc and that from the previous g → gg chain are shown separately. One can see that it takes longer time for more energetic gluons to split into final cc pairs. In Fig. 4 , we show the probability distribution of the gluon lifetime (splitting time) for three different initial gluon energies. We can see that most hard gluons split at very early times of heavy-ion collisions, even before the formation (thermalization) of the QGP (at τ 0 = 0.6 fm). However, there still exists some fraction of gluons that survive the pre-equilibrium phase and interact with the dense QGP matter before splitting into cc pairs. We also see that the number of long-lived gluons increases with the gluon's initial energy.
To simulate the dynamical evolution of hard partons inside the QGP, we adopt the following modified Langevin equation developed in Refs. [18, 19] :
In the above equation, the first two terms on the righthand side denote the drag force and the thermal random force exerted on the hard parton while it diffuses inside a thermal medium, and the third term is introduced to describe the recoil force that the parton experiences via radiating gluons. Here the interaction of heavy quarks and gluons with the medium is simulated in the same Langevin framework. For a minimal setup, we assume that ξ is independent of the parton's momentum and virtuality and satisfies the correlation function of a white noise ξ i (t)ξ j (t ′ ) = κδ ij δ(t − t ′ ), where κ represents the coefficient of momentum diffusion and is related to the spatial diffusion coefficient D via D = 2T 2 /κ. The diffusion coefficients of quarks and gluons differ by their color factors: κ Q /κ G = C F /C A . For the medium-induced gluon bremsstrahlung, the radiation probability within the time interval [t, t + ∆t] is determined by utilizing the average number of radiated gluons,
In the simulation, we choose sufficiently small time step ∆t to guarantee P rad (t, ∆t) < 1. The gluon distribution function in our calculation is adopted from the highertwist calculation [32] [33] [34] , where x is the fractional energy taken away by the emitted gluon from its parent hard parton, k ⊥ is its transverse momentum, P (x) is the splitting function for a given process, and
is the formation time of the radiated gluon, where E and M are the energy and mass of the parent parton, respectively. We set M = 1.27 GeV for charm quarks when calculating their in-medium transport. In the above equation,q is the parent parton's transport coefficient and is related to its momentum space diffusion coefficient κ as:q = 2κ. We note that in our transport model there is only one free parameter which we choose to be the spatial diffusion coefficient D of heavy quarks. In the following calculation, it is fixed to be D = 5/(2πT ) which provides the best description of D meson observables at the LHC and RHIC where only the direct channels for charm quark production are considered [19] .
In Fig. 5(a) , we compare the energy loss of hard gluons and charm quarks as a function of their initial energy at different evolution times in the hot QGP medium created in central Pb-Pb collisions at the LHC. Here we utilize a (2+1)-dimensional viscous hydrodynamic model [35] to obtain the spacetime evolution profiles of the QGP fireball. As shown in the figure, the energy loss experienced by hard gluons is approximately twice of that by charm quarks given the same propagation time inside the medium. This is mostly due to different color factors of heavy quarks and gluons. In Fig. 5(b) , we show the energy loss experienced by a hard gluon for different propagation time before splitting into heavy quark-antiquark pairs. We can see that with a realistic splitting time as obtained from Pythia, a 300 GeV hard gluon only loses about 5 GeV energy before splitting into charm quark pairs, which is much smaller than the case that the splitting process happens after the gluon travels outside the QGP matter (as shown by the infinite splitting time curve).
Finally, we present our results for the final D meson nuclear modification factor R AA for 0-7.5% central Pb-Pb collisions at the LHC. The hadronization of heavy quarks into the color-neutral bound states is simulated following Ref. [19] via a hybrid model of fragmentation plus coalescence mechanisms. The effect of D meson scatterings inside the hadron gas on its R AA has been investigated in our previous study [19] and shown to be small, and thus is neglected in this work. In Fig. 6(a) , we first compare the nuclear modification factor for D mesons produced from the direct channels and those from the gluon splitting channel. We can see that using the realistic splitting time τ split obtained from Pythia produces very small difference for the D meson R AA between the two different charm quark production channels. If we increase the gluon lifetime by hand, the final D mesons from the gluon splitting channel become more suppressed at high p T due to the larger energy loss experienced by hard gluons before splitting into heavy quark-antiquark pairs. We also note that although a single gluon does lose much more energy than a single c-quark within a given time, the gluon splits into a pair of cc in the end. As a result, the effective energy loss per heavy quark from the gluon-splitting process is not very different from that of heavy quarks produced by the initial hard scattering. This can be seen from the plot as well, i.e., a moderate variation of gluon lifetime does not significantly affect the final D meson R AA . In Fig. 6(b) , we present the nuclear modification factor of D mesons with the inclusion of both the direct and the gluon splitting processes, compared with the previous results without the contribution from gluon splitting. The error band in the figure corresponds to the variation of the gluon splitting time from the realistic value τ split extracted from Pythia to infinite value (meaning the gluon splitting into a heavy quark-antiquark pair happens outside the QGP medium). We can see that the contribution from gluon splitting to the nuclear modification of single D meson spectra is very modest, even in the infinite τ split limit. We have verified that the variation of the starting time τ 0 of the hydrodynamical evolution has little effect on the relative contributions from these two channels to the final suppression of D mesons. As a final check, we also calculate the contribution of the gluon splitting to the single B meson production in heavy-ion collisions and find that the influence of the gluon splitting channel on the B meson R AA is even smaller due to the shorter splitting time of the g → bb process.
Summary -We have investigated the effect of the gluon-splitting process on the single inclusive heavy meson production in relativistic heavy-ion collisions. The splitting probability of hard gluons into heavy quarkantiquark pairs, the distribution of gluon splitting time, and the gluon to heavy quark-antiquark pair splitting function are extracted from Pythia simulations, which are then embedded into our Langevin transport model that incorporates both collisional and radiative energy loss for the hard partons propagating through a QGP matter. While the gluon splitting channel contributes quite a sizable fraction of the final D meson production cross section, the influence on the final nuclear modification of the single heavy meson production is quite modest, due to the limited time for the hard gluons to interact with the dense medium before splitting into heavy quark-antiquark pairs.
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